Background: Several recent behavioural and behavioural genetic studies have investigated the relationship between attention deficit hyperactivity disorder (ADHD) and mathematical ability. The aim of this systematic review was to provide an overview of these studies to date. An emphasis was placed on reviewing results that explored the association between mathematics and the two ADHD components of attention and hyperactivity-impulsivity separately. Methods: A systematic search of quantitative studies investigating the association between mathematics and ADHD was conducted across five databases (PsychINFO, Web of Science, PubMed, EMBASE, and Scopus). A total of 30 cross-sectional and four longitudinal studies were included in this review. Results: Narrative synthesis of the results was provided using PRISMA guidelines. Taken together, the studies pointed at substantial evidence for a negative association between ADHD symptoms and mathematical ability. This association was particularly marked for the inattentive component of ADHD than for the hyperactive-impulsive component. Evidence from twin studies also showed a significant genetic correlation between mathematics and ADHD, which was greater for the inattentive component of ADHD compared to the hyperactive-impulsive component.
Background
Rationale Attention deficit hyperactivity disorder (ADHD) is a neurodevelopmental disorder with a high global prevalence of 5.29 % [1] , characterised by severe and impairing difficulties with sustained attention, restless overactivity, and impulse control. The International Classification of Diseases, 10 th edition (ICD-10) and The Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV, recently updated to DSM-V) are widely used to diagnose children, adolescents, and adults with ADHD. Both manuals use a diagnostic criteria consisting of the same 18 symptoms and identify the same two core domains reflecting inattentive and hyperactive-impulsive behaviours. The symptoms are persistent across development and have significant effects in adaptive functioning. The DSM criteria identify a broader range of individuals, including those presenting with predominantly inattentive symptoms and an older age of onset. Depending on the features that are most prominent, three clinical presentations of ADHD are described: predominantly inattentive (ADHD-I), predominantly hyperactive-impulsive (ADHD-H), and combined (ADHD-C) type clinical presentations [2] .
Although inattention, hyperactivity, and impulsivity represent core symptoms of ADHD, the disorder is highly heterogeneous and is associated with a plethora of different impairments including cognitive and behavioural deficits. Students with ADHD generally show poor academic outcomes relative to their general cognitive abilities, with greater grade repetitions and increased school dropout rates [3, 4] . Due to the complex nature of ADHD, much remains to be understood about the processes underlying the observed educational difficulties. Nevertheless, children diagnosed with ADHD are often educated in general classrooms together with children without the disorder [5] .
Mathematical training makes up a large portion of school education and it is positively correlated with longer educational duration and higher qualification attainment [6] . Furthermore, mathematical ability has been shown to be positively associated with socio-economic status in adulthood due to more opportunities in post-secondary education and career development [7] .
Much of the existing literature has focused on the links between ADHD and reading disability [8] [9] [10] , neglecting the important association with mathematics. However, recent studies have demonstrated links between mathematical ability and ADHD. Several studies have linked attentional processes in ADHD with mathematical abilities [11, 12] . As attention plays a key role in mathematical ability, investigations focusing on the relationship between the inattentive domain of ADHD and mathematics may provide further insight into the disorder and the mechanisms of mathematical learning.
Reviews relating to mathematical abilities and ADHD have been sparse in the past due to the limited number of studies focusing on mathematics and ADHD. In this study, we have used the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [13] to present a systematic review of empirical evidence currently available on mathematical abilities in individuals diagnosed with ADHD.
Objectives
We examined existing literature in order to appraise the co-occurrence of mathematical problems and ADHD in all age groups and to explore whether mathematics has a differential relationship with each of the two components of ADHD, namely inattentiveness and hyperactivityimpulsivity.
Methods

Protocol and registration
The protocol of this review has been registered with the International Prospective Register of Systematic Reviews (PROSPERO; http://www.crd.york.ac.uk/prospero/, reference CRD42015016186).
Eligibility criteria
Inclusion criteria consisted of (1) articles published in English in peer-reviewed journals; (2) usage of appropriate empirical research methods, assessed using the quality appraisal criteria (see quality assessment section); (3) cases of any age who met the ADHD criteria (DSM-defined ADHD or ICD-defined hyperkinetic disorder) and/or were assessed for symptoms of the disorder on ADHD validated scales (e.g. Conners [14] ); (4) standardized and validated tests assessing mathematical performance rather than school achievement; this allowed us to minimise biases in the assessment of mathematical ability introduced by discrepancy in curricula and school programmes; (5) studies where cases were selected for other learning disabilities in addition to ADHD were excluded (given the comorbidity between mathematical problems and learning disability [15, 16] this further exclusion ensures that reported discrepancies in mathematics performance between the cases and controls are driven by ADHD rather than other comorbid learning disabilities); (6) where the study uses a control group, this should include only healthy individuals, with no symptoms of psychiatric or learning disability; (7) further exclusion was extended to studies with primary aims to investigate cognitive function in relation to ADHD if the correlation between mathematical ability and ADHD was not tested or described (it is important to note that there is no gold standard to define mathematical ability; mathematics is a continuously distributed trait where ability and disability are identified using arbitrary cut-offs along a continua of performance); (8) for this reason, this article reviews studies where individuals diagnosed with ADHD are not solely selected for mathematical disabilities; (9) investigations primarily evaluating the effects of pharmacological or non-pharmacological interventions on mathematical ability of children with ADHD were also excluded; and (10) studies that did not take medication into account and studies that adjusted the data analysis for usage of psychostimulant medication or asked the participants to stop medication 24-48 hours prior to testing mathematical ability were included.
Information sources
Five databases, including PsychINFO, EMBASE 1806, Web of Science, PubMed, and were searched for articles. An additional manual search of the literature was performed to identify any publications missed by the database search.
Search
The search was conducted on 1 February, 2015 without any constraints on the year of publication to allow for a thorough and complete review of the literature using the following key words: "attention deficit hyperactivity disorder" OR "ADHD" OR "hyperkinetic disorder" AND "mathematical ability" OR "math* achievement" OR "acalculia" OR "mathematics".
Study selection
The study selection process is illustrated in Fig. 1 . In the first stage, any duplicates were removed and abstracts were subsequently assessed for their relevance in accordance to the inclusion/exclusion criteria. Papers were rejected if they (1) were clearly not about ADHD and mathematical (or mentioned academic) achievement; (2) were not published in the English language;
(3) evaluated cases with other learning disabilities along with ADHD; (4) assessed the effects of interventions on mathematics achievement; or (5) were review papers.
Full documents were obtained for the remaining records and checked against the eligibility criteria. Papers were rejected at this stage if (1) no healthy control group was included for comparison (e.g. comparison in mathematics was performed between individuals with ADHD and individuals with other learning disabilities for studies that included a control group); or (2) individuals with ADHD also had known mathematical disabilities. The papers that met the eligibility requirements, based on the above screening criteria, are summarized in Table 1 .
Data collection process
Data were extracted by one of the authors and confirmed by a second author; in case of disagreement, a third author was consulted. Extraction was limited to published data; authors of the papers were not contacted for missing information and this is indicated as 'not reported' (NR). 
Data items
The following variables were assessed: (1) type of study (experimental, cross-sectional, or longitudinal); (2) nature of the cases (diagnosis of ADHD in absence of learning disabilities); (3) numbers of cases (ADHD) and, if available, number for each of the ADHD sub-groups, inattention and hyperactivity-impulsivity; (4) nature of the control group (healthy controls) and number of healthy controls where a control group was present; (5) age range and sex by group(s); (6) the response rate to the study; (7) dropout rates for participants recruited (if longitudinal study); (8) whether the potential confounding demographic and cognitive factors (IQ, medication (unless temporarily stopped), socio-economic status, and gender) were accounted for in the design and/or in their analysis; (9) whether cases were on medication during the test or whether the medication was stopped temporarily prior to testing; (10) name of the mathematics test used to test mathematical performance; (11) mean mathematics score with standard deviation for cases and controls and/or other appropriate means of describing the association between ADHD and mathematics (e.g. regression, correlation coefficients); (12) if longitudinal study scores were available at baseline and follow-up; and (13) whether effects size were included.
Risk of bias in individual studies
Risk of bias of individual studies was critically assessed at the study level and taken into account in the quality assessment. The quality assessment of the mixed methods studies reviewed was performed using items provided in the Critical Appraisal Skills Programme, Oxford checklist tool [17] (see Additional file 1 for items list).
Summary measures
Samples descriptive statistics include age range, mean, and standard deviation of age by group, together with total number of cases and controls and whether cases were medicated or not ( Table 2 ). The table further summarizes means and standard deviation of mathematics, either in raw or standardized scores (z-scores) and the name of the test used to assess mathematical performance. The association between ADHD and mathematics has been evaluated by mean differences (t-test), regression coefficients (β), correlation coefficient (r), z-scores, genetic, shared and non-shared environmental correlations (r a , r c , and r e , respectively), or genetic covariances. The statistical significance (P value) for the results of each analysis was also included in the summary table.
Synthesis of results
A narrative synthesis of the findings from the studies was performed and reported following PRISMA guidelines.
Results
Study selection
The number of studies emerging from the selection process is illustrated in Fig. 1 .
Study characteristics
Cross-sectional and longitudinal (marked by (*) in Table 1 ) studies included in this review assessed the difference between ADHD cases and healthy controls and/or the association between ADHD (combined or by subtype) and mathematical performance. The characteristics of cases and controls, the nature of comparison, and outcomes are summarised in Table 2 .
Risk of bias within studies
Data on the risk of bias and quality assessment for each study are presented in Table 1 . Fourteen studies had relatively small sample sizes (item number 4 on the quality assessment) [5, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] ; eight of these studies commented on the small sample size or reported a small effect size with low statistical power [5, [18] [19] [20] [21] [22] [23] [24] . Overall, 12 studies reported their cases as not having any drug treatment for the disorder [22, 23, 25, 26, 28, 29, [31] [32] [33] [34] [35] [36] ; 12 reported cases using medications [5, 18, 21, 24, [37] [38] [39] [40] [41] [42] [43] [44] ; and 10 did not give any information about the cases' treatment status [19, 20, 27, 30, [45] [46] [47] [48] [49] [50] . Out of the 22 studies that used medicated cases or did not report medication status, 86 % reported an association between mathematics and ADHD (19 studies: [5, 18-21, 24, 27, 37, 38, 40-48, 50] ). Only 58 % of those that did not include medicated cases reported a significant association (7 studies: [23, 25, 26, 31, 32, 35, 36] ). Each study had its own set of limitations (Table 1) , most studies matched cases and control on variables such as age and sex and had fairly large sample sizes; some of them controlled for factors such as IQ and socioeconomic status, and one study controlled for medications [38] . For the studies where these variables were not controlled for, data for such variables was not provided; it was unclear whether this lack of information was due to investigators not considering these factors as potential confounders, or due to unwillingness of the participants to disclose information. In order to control for age, two studies compared children and adolescents with ADHD (all DSM-IV subtypes) to matched controls separately [45, 46] . Out of the 34 studies included in this review, 24 were rated as high quality [5, 19, 21, 23, 25, 28, 31, 32, [34] [35] [36] [37] [38] [39] [40] [41] [43] [44] [45] [46] [47] [48] [49] [50] and 10 as medium [18, 20, 22, 24, 26, 27, 29, 30, 33, 42] .
Results of individual studies
The most common tests used to asses mathematical performance ( [52] used in five studies [5, 19, 21, 38, 39] , and the Wechsler Individual Achievement Test, 2nd edition/numerical operations [53] used in three studies [35, 36, 42] . Some studies used other mathematical standardised tests (e.g. Wechsler intelligence scale for children -WISC and adults-WAIS-Wechsler Adult Intelligence Scale) [22, 31-33, 47, 48] . The Math Computational Worksheet (MCW) used by Benedetto-Nasho and Tannock [25] and developed by Douglas et al. [54] has not been validated against other standardised tests. Additionally, although the Basic Achievement Skills Individual Screener administered by Frick et al. [26] is designed to quickly screen children's reading, mathematics, and spelling skills, there is not [55] . Thorell [27] used an unspecified test battery which showed a good test-retest reliability of 0.77 measured using a random sub-sample of 26 children tested two weeks apart, but they did not report its validity. Studies that used other mathematical standardized tests were given a lower score in quality control ( Table 1 , criteria 8).
Four studies compared mathematical performance at baseline and follow-up [18, 37, 38, 46] . Three studies focused on adolescent/adult samples [33, 34, 44] .
Results were evaluated based on the magnitude of the association between mathematics and ADHD and are reported in the sections below using standardised beta coefficients (β) and/or Pearson correlation coefficients (r) and mean difference between cases and controls, where relevant. For genetically sensitive studies, the genetic and environmental correlational coefficients are reported; these are marked as r a , r c , and r e , genetic covariance and sharedenvironmental covariance.
The association between ADHD and mathematical ability
Following quality assessment, all papers were rated as either high or medium with no papers achieving a low-quality rating score.
High quality rating studies
Out of the 24 studies, 20 reported a statistically significant negative association between ADHD symptoms and mathematical performance [5, 19, 21, 23, 25, 31, 32, 35-38, 40, 41, 43-48, 50] . Among these 20 studies, 11 looked at subtypes, and seven out of these (63%) reported a negative association between mathematics and the inattention subtype [19, 35, 36, 38, 43, 48, 50] . Only three out of these 11 studies (27 %) reported a significant association between hyperactivity-impulsivity and mathematics [19, 36, 50] .
Among the three longitudinal studies with high quality ratings, Massetti et al. [38] did not find significant correlation between ADHD-C subtype (n = 85) and mathematical ability (β = −2.55, z = −1.92, P = 0.06) during the 8-year period of assessments. However, using a restricted sample of 73 children who exhibited both hyperactive and inattentive symptoms from the first assessment, the association between ADHD-C subtype and mathematics was significant for the same period of time (β = − 7.27, z=−3.61, P <0.0005). The other two longitudinal studies [37, 46] showed a negative correlation between ADHD and mathematical performance at baseline and follow-up. Additionally, in children with ADHD, mathematical achievement scores decreased over time. As children in the studies were not selected on mathematical disability, this evidence may suggest a causal link between the disorder and poor school performance later in life. [23] analysed female and male ADHD/control groups separately. They reported females with ADHD to be more impaired in mathematics than female controls (P <0.001) but did not report results on any analyses looking at differences between males with ADHD and male controls.
Rucklidge and Tannock
Four studies with high quality ratings did not show any significant correlation between ADHD or its subtypes and mathematical ability [28, 34, 39, 49] .
Two behavioural genetic studies used a twin design to explore the genetic (r a ), shared (r c ), and non-shared (r e ) environmental correlations between ADHD and mathematics. Greven et al. [50] found a significant negative phenotypic correlation of mathematical ability and ADHD, with a greater association with inattentive symptoms (r = −0.26; 95 % CI = −0.28, −0.24) than with hyperactive-impulsive symptoms (r = −0.18; 95 % CI = −0.20, −0.16). They also reported a stronger negative genetic correlation of mathematical ability with inattentive symptoms (r a = −0.41; 95 % CI = −0.47, −0.37) compared to hyperactive-impulsive symptoms (r a = −0.22; 95 % CI = −0.28, −0.17), suggesting more genetic factors in common between inattention and mathematics compared to hyperactivity-impulsivity and mathematics. The study reported a small significant shared environmental correlation between mathematics and hyperactivity (r c = -0.27) but a non-significant shared environmental correlation with inattention. This may point to a different aetiology of the covariation between mathematics and the two subtypes. Hart et al. [19] reported a moderate genetic association of mathematics with inattentive symptoms (covariance = 0.36; 95 % CI = 0.23, 0.50) as well as hyperactive-impulsive symptoms (covariance = 0.31; 95 % CI = 0.27, 0.43). However, the study reported a similarly strong shared environmental correlation of mathematics with inattentive symptoms (covariance = 0.90; 95 % CI = 0.84, 0.92) and with hyperactive-impulsive symptoms (covariance = 0.90; 95 % CI = 0.89, 0.92).
Medium quality rating studies
Six out of ten medium quality-rating studies reported a significant negative association between ADHD and mathematical performance [18, 20, 24, 26, 27, 42] . Frick et al. [26] reported a significant association only with the ADHD-C group but not with the inattention group. Thorell [27] reported a significant negative correlation between inattentive symptoms and mathematical ability but not with hyperactive-impulsive symptoms. The medium rating, longitudinal study conducted by Faraone et al. [18] reported findings consistent with the other three longitudinal studies [37, 38, 46] . Kaufmann and Nuerk [20] assessed mathematics using five different number processing and calculation tasks but showed a significant impairment only in core numerical representations (non-verbal magnitude representations); participants with ADHD-C found it difficult to compare numbers and determine whether one number was greater or lesser than the other.
The four medium quality rating studies that did not find an association between ADHD and mathematical performance all had a small sample size [22, 29, 30, 33] ; in particular, small sample sizes were acknowledged in Mealer et al. [22] .
In summary, nine out of the 11 studies looking at the ADHD subtype of inattentive symptoms [19, 27, 31, 35, 36, 38, 43, 48, 50] found a negative correlation between ADHD-I and mathematical performance. Conversely, only three out of the eight studies looking at the hyperactiveimpulsive symptoms [19, 36, 50] found an association between ADHD-H and mathematics. Lastly, four out of the six studies looking at the combined symptoms [35, 36, 43, 48] reported a significant association.
Discussion
Summary of evidence
This systematic review presents evidence for the negative association between ADHD and mathematical ability. Overall, the majority of the studies (76.47 %) demonstrated a significant association even after controlling for IQ, age, socioeconomic status, and other potential attenuating factors such as psychostimulant medication [38] . Regardless of the statistical power, almost all of the studies reported lower performance on mathematical tests in participants showing ADHD symptoms compared to healthy controls. It is noteworthy that in the studies that investigated the symptom components of ADHD separately, inattentiveness showed a stronger association with mathematical problems compared to the hyperactive-impulsive symptoms (~82 % vs.~38 %, respectively). Most studies that did not find an association reported a small sample size with the possibility of underpowered analyses. Genetically sensitive studies suggested that the co-occurrence of ADHD and poor mathematical ability is partially explained by common genetic [19, 50] and by common environmental factors [19] . Consistent with the results of phenotypic analyses, these studies also suggested that the genetic link between ADHD and mathematics underperformance may be stronger for the inattentive symptoms of ADHD [50] . In light of these results, it is worth considering the symptomatology of inattentive behaviour and its association with mathematical ability.
During primary school, mathematics education requires increased continuous attention and regular independent seat work, resulting in difficulty in learning for students with ADHD symptoms [5] . In several studies, this difficulty has been attributed to deficits in executive functioning, including planning, organising information, maintaining information for future use, inhibiting an inappropriate response, using working memory, cognitive flexibility, and ability to deduce when provided with limited information [20, 32] . The stronger relationship of attentional factors and mathematics, compared to the hyperactive-impulsive factors, points to a differential relationship of the two ADHD domains with mathematics. This evidence emphasises the heterogeneity of ADHD and points to a partial different aetiology of the two domains. This is further supported by a behavioural genetic study that investigated the direction of the association between inattentiveness and hyperactivity-impulsivity between the ages of 7 and 12 [56] . The study suggested that genetic factors influencing inattentiveness are largely independent from the ones influencing hyperactivity-impulsivity. It also emerged that the association between the two dimensions was largely due to the same genetic factors over time, suggesting that genetic influences contribute to the stability of this association. However, new genetic influences were specific at each age, highlighting the developmental aspect of the disorder. The longitudinal relationship between the two dimensions appeared to be unidirectional, with hyperactivity-impulsivity at the age of 7 predicting the presence of inattentiveness at 12, but not vice versa [56] . This could be interpreted as a causal relationship between the two domains, suggesting that the genetic factors influencing the first domain may have an impact on the second domain via the first.
The ADHD clinical subtypes (as described by the DSM-IV criteria) are developmentally unstable and reflect arbitrary cut offs on dimensional measures of inattention and hyperactivity/impulsivity. Some children exhibiting ADHD-C in early childhood would meet the criteria for ADHD-I later on in childhood or adolescence as the hyperactive symptoms decrease overtime in comparison to the inattentive symptoms [57] . Alternatively, some children who meet the criteria for ADHD-H in early childhood may eventually shift to ADHD-C as their inattentive symptoms become more prominent during the school years [57] . Therefore, when interpreting the results of the various studies, these developmental changes should be kept in mind. This review has identified only four longitudinal studies that explored the association between mathematics and ADHD. Considering the potential impact of development on the disorder, more efforts should be devoted to longitudinal research to gain a better understanding of its aetiology and progression. Findings from these studies could lead to a better classification and help inform non-pharmacological prevention and treatment strategies. We have now entered a new system of classification following the release of DSM-V that allows for comorbid diagnosis of ADHD and Autism and both disorders are associated with impaired mathematical abilities. This review ties together studies that have used diagnostic criteria centred on DSM-IV. From this point forward, studies may use this new way of diagnosis and grouping of cases.
Limitations
Although this review used the differential relationship of ADHD with mathematics to highlight the heterogeneity within the disorder, there are a number of limitations that need to be considered. Several studies had relatively small sample size and different studies controlled for different variables. Moreover, the comorbidity between ADHD and other conduct disorders and behavioural problems are pervasive and this could not be fully appraised within each study. To control for these factors and evaluate bias we used set items provided in the Critical Appraisal Skills Programme checklist tool [17] . Any tool for evaluating the quality of evidence has its own strengths and limitations. However, we did not use quality ratings as outcome in a quantitative analysis. Therefore, we believe that the appraisal tool can have only limited impact on the overall conclusions of this study which remain compelling. There is no gold standard to define mathematical ability, with various labels or keywords used in the literature to describe mathematical problems. We specifically excluded studies that recruited children with ADHD and mathematical impairment but variations in the arbitrary cut-off thresholds used to determine mathematical disability could alter the significance of comparisons. Furthermore, mathematical ability has been interpreted differently across studies with various tests evaluating different aspects of mathematics. This could have limited the database search, preventing further investigations and insight into the overall results of this review.
Using the association of mathematics with ADHD has allowed highlighting the heterogeneity within the disorder. However, studies exploring the association between mathematics and ADHD are fewer compared to other phenotypes. Therefore, the four longitudinal studies identified in this review did not allow to fully capture the developmental aspect of ADHD.
Our search for papers was restricted to in-print English articles available in online databases only; articles in other languages could have been missed. Finally, the effect of medications could not be fully accounted for.
